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a  b  s  t  r  a  c  t
Superoxide  dismutases  (SODs;  EC  1.15.1.1)  are  part of the  antioxidant  system  of  aerobic  organisms  and
are  used  as a  defense  against  oxidative  injury  caused  by  reactive  oxygen  species  (ROS).  The  cloning  and
sequencing  of  the  788-bp  genomic  DNA  from  Trichoderma  reesei  strain  QM9414  (anamorph  of  Hypocrea
jecorina)  revealed  an open  reading  frame  encoding  a  protein  of 212  amino  acid  residues,  with  65–90%
similarity  to  manganese  superoxide  dismutase  from  other  ﬁlamentous  fungi.  The  TrMnSOD  was  puriﬁed
and  shown  to be  stable  from  20 to 90 ◦C for 1 h at pH from  8  to 11.5,  while  maintaining  its biologicaleywords:
richoderma reesei
uperoxide  dismutase
ircular  dichroism
hermal stability
H  stability
activity.
© 2011 Elsevier B.V. Open access under the Elsevier OA license.. Introduction
Superoxide dismutases (SODs; EC 1.15.1.1) are metalloenzymes
hich are classiﬁed into four types, depending on the metal bound
t the active site. The Mn-SOD type requires manganese as a co-
actor and is located at the cytosol (prokaryotes) and mitochondrial
atrix (eukaryotes). This enzyme is insensitive to sodium salts,
otassium cyanide, azide, and hydrogen peroxide. A second type,
u/Zn-SOD, which requires copper and zinc as co-factors, is located
t the cytosol and chloroplasts and is sensitive to potassium or
odium cyanide and hydrogen peroxide, but insensitive to azide.
e-SOD requires iron as a co-factor and can be found in prokaryotic
reen-blue algae and in some higher order plants. It is insensitive
o cyanide and potassium/sodium azide but is inhibited by hydro-
en peroxide [1]. Finally, Ni-SOD, co-factor nickel, was identiﬁed in
treptomyces and cyanobacteria [2].In living organisms, SOD enzymes catalyze the anion dismuta-
ion of superoxide to molecular oxygen and hydrogen peroxide, as
art of the antioxidant system used as a defense against oxidative
∗ Corresponding author. Tel.: +55 11 3091 8883; fax: +55 11 3091 1027.
E-mail  address: pcampana@usp.br (P.T. Campana).
141-8130 ©   2011 Elsevier B.V. 
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Open access under the Elsevier OA license.injury caused by reactive oxygen species (ROS). The Cu/Zn-SOD and
Mn-SOD enzymes, encoded by SOD1 and SOD2 genes, respectively,
have been described in ﬁlamentous fungi [3–8]. These enzymes
play an important role in the cellular defense against oxidative
stress caused by both endogenous and exogenous ROS.
The  Mn-SODs have also been applied to phylogenetic determi-
nation of pathogenic fungi [9]. In fungi, endogenous ROS are related
to several regulatory functions, such as defense mechanism, inter-
cellular communication, and phase developmental changes. On the
other hand, the endogenous ROS are produced and maintained on
adequate levels, thus avoiding cellular damage, which is achieved
by SOD activity. This activity is essential for reducing oxidative
stress in all organisms.
Some  species of the Trichoderma genus predominate in the soil
mycoﬂora ecosystem in an extensive range of biogeographic and
climatic zones [10–13]. They promote both plant growth and bio-
logical control of plant diseases [14] and some of their enzymes
can be applied in industry. From this genus, the genome of Tricho-
derma reesei has been completely sequenced [15] and it is used for
industrial enzyme production, mainly of celullases related to the
cellulose–glucose conversion [16–18]. Although T. reesei is an aer-
obic fungus [19–21], this work mainly describes a Mn-SOD enzyme
that possibly participates in the defense mechanism against ROS  in
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his microorganism. Our work aimed to clone the TrMnSOD gene
or expression in E. coli in order to study TrMnSOD protein confor-
ation in several environments. The TrMnSOD proved to be stable
nd maintained its biological activity from 20 to 90 ◦C at pH 8 to
1.5 for 1 h, suggesting its important role in fungus development
nd survival. In addition, the antioxidant properties and stability
n extreme environmental conditions suggest that the TrMnSOD
rotein may  be a powerful biotechnological tool.
. Materials and methods
.1. Materials
All solutions were prepared using ultrapure Milli-Q water and
eagents of analytical grade. Buffers used were 20 mM Tris–HCl
H 8.0 (to stabilize the protein in the native form) and 20 mM
cetate/phosphate/borate (PBA) pH 2.6, 4.5, 5.6, 6.5, 8.0, 9.0 and
1.5 for CD experiments. For pH variation activity assay, the pro-
ein was incubated for 1 h in one of the three buffers, (1) 20 mM
odium acetate pH 3.5, 4.0, 4.5, 5.0, 5.3, (2) 20 mM potassium phos-
hate pH 5.8, 6.3, 7.0, 7.5, and (3) 20 mM Tris–HCl pH 8.0, 8.5, 9.0,
.5, and 10.0.
.2. Cloning and expression of TrMnSOD
Trichoderma reesei genomic DNA from the QM9414 strain
ATCC26921) was prepared and the desired full length TrMnSOD
ene was ampliﬁed by PCR (Invitrogen, USA) using the speciﬁc
ligonucleotides SOD-F 5′-ATGTCTGTCGGAACCTTTTC-3′ and SOD-
 5′-TTACAGCGAAGCCTTGAGG-3′ obtained from the 2 kb EST DNA
onsensus contig 235 [19], localized in the scaffold 18 (685578 bp):
0292:71079 of T. reesei genome [15]. The TrMnSOD open reading
rame was obtained by RT-PCR with the speciﬁc oligonucleotides
sing total fungus RNA from cells grown in a 5-mM glucose
edium [22]. The RT-PCR product was inserted into expression
ector pPROEX-HTb (Invitrogen, USA) with 5′-terminal hexahis-
idine tag, then transformed into E. coli TOP10 (Invitrogen, USA)
o obtain the recombinant plasmid pTrMnSODpROEX. The recom-
inant protein was expressed in E. coli BL21 cells grown at 37 ◦C
n an LB medium containing ampicillin (150 g mL−1). Cultures
ere induced at OD600 0.8–1.2 by the addition of 0.5 mM IPTG, and
urther incubated for 6 h. Bacterial pellets were analyzed by poly-
crylamide gel electrophoresis (SDS-PAGE) to check for induction.
.3. Puriﬁcation of recombinant TrMnSOD
Cells were suspended in buffer (20 mM Tris–HCl, pH 8.0) and
ysed by sonication for 5 min  at 4 ◦C, 10 s pulse on and 10 s pulse
ff (Sonic Dismembrator, Vibra Cell, Sonics & Materials, Inc., USA).
fter 10 min  of centrifugation at 11,000 g, both supernatant and
ellet were analyzed by SDS-PAGE. The results showed that the
ecombinant protein was mostly in the insoluble fraction, indicat-
ng its expression as inclusion bodies. The protein solubilization
as acquired by denaturating the inclusion bodies using buffer 8 M
rea/20 mM Tris–HCl pH 8.0, followed by 2h-dialysis of this sus-
ension, at room temperature, with decreasing urea concentrations
6, 4, 2, and 0 M)  in 20 mM Tris–HCl buffer at pH 8.0. The soluble pro-
ein was loaded onto a HisTrap Chelating column (GE Healthcare –
ife Sciences, USA) connected to an ÄKTA FPLC System (GE Health-
are – Life Sciences, USA), using binding buffer 20 mM Tris–HCl,
00 mM NaCl pH 8.0. A linear gradient of 0–500 mM imidazole, in
inding buffer, was used to elute the bound proteins. Puriﬁed pro-
ein concentration was measured by the Bradford method, using
he Quick Start Bradford Protein Assay Kit 1, and bovine serum
lbumin as standard (Bio-Rad Laboratories, USA).ological Macromolecules 50 (2012) 19– 24
2.4. Enzyme assay
TrMnSOD enzymatic activity was tested by activity staining
on a native PAGE [23]. Protein (5 g) was  applied to 15% native
PAGE and the electrophoresis was  conducted at 20 V, room tem-
perature, 18 h. The gel was soaked in solution I (25 mg/100 mL,
nitro blue tetrazolium/water), in the dark with gentle shaking,
followed by transfer to solution II (10 mg  riboﬂavin, 1 mg  tetram-
ethylenediamine (TEMED), 100 mL  water) and exposed to intense
light for visualising the white achromatic zone of SOD activity on
the blue background. To identify the SOD type, duplicated gels
were incubated for 30 min  in 10 mM NaCN and 10 mM NaN3 before
performing the activity assay described above. The superoxide dis-
mutase inhibition activity assay was performed using kit-WST SOD
(Sigma–Aldrich Chemie GmbH, Switzerland). Brieﬂy, the kit-WST
(Water Soluble Tetrazolium salt) SOD, is a colorimetric method that
determines the SOD activity by the formation of a water-soluble dye
upon reduction with a superoxide anion. Since the light absorp-
tion at 440 nm is proportional to the amount of formed superoxide
anion, SOD inhibition activity can be quantiﬁed by measuring the
decrease in absorbance at 440 nm.  For these experiments, a SOD
activity unit was deﬁned as the minimum inhibitor concentra-
tion required for 50% WST-1 inhibition. Stability tests from 40 ◦C
to 100 ◦C and pH 3.5–10 were performed using 10 U of TrMnSOD
enzyme.
2.5. Far-UV circular dichroism (CD) and secondary structure
content
Far-UV (190–250 nm)  CD spectra were recorded at Jasco J810
spectropolarimeter (Jasco Inc., Japan), at 25, 30, 50, 80, and 90 ◦C
using a Peltier controller and a 1-mm path length quartz cell.
All spectra were recorded after accumulation of four runs, and
smoothed using a FFT (Fast Fourier Transform) ﬁlter to eliminate
background effects. The protein concentration used was 20 M for
all samples. Quantitative prediction of the secondary structure was
performed by deconvolution of the CD spectra using the CONTINLL,
CDSSTR, and SelCon programs [24,25], with a root mean square
(RMS) lower than 4% for all deconvolutions.
2.6. Theoretical structural calculations
The secondary structure was predicted using the MNPredict
Program [26] and the tertiary structure model was  calculated at
3D-Jigsaw [27–29] server. Fig. 4 was generated with the program
RasMol [30].
3. Results and discussion
3.1. Cloning and puriﬁcation of TrMnSOD
Fig. 1 shows the nucleotide and predicted amino acid sequences
of the TrMnSOD gene. It can be seen that this protein is coded by
a 788-bp gene, with 3 exons (48, 468, and 123 bp, respectively)
and 2 introns (79 and 70 bp) (GenBank accession no. GU339391),
in accordance with the genome of T. reesei (http://genome.jgi-
psf.org/Trire2/Trire2.home.html,  15). The coding sequence of
639 bp resulted in a 212 amino acid protein with a single band
of 23 ± 0.5 kD of molecular mass estimated by SDS-PAGE. Com-
putational analysis of T. reesei genome showed two MnSOD, one
Cu/Zn-SOD and one Fe-SOD proteins. The protein described in this
study corresponds to the protein ID 66345 [15]. In the TrMnSOD
amino acid sequence, the consensus conserved sequence present in
all the known MnSODs was  identiﬁed: D-x-[WF]-E-H-[STA]-[FY](2)
(Prosite PDOC00083, www.expasy.org),  is located between the
Asp-163 and Tyr-170 (DMWEHAYY), the putative metal-binding
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1 AT GTCTGTCGGAACCTTTTCGCTGCCGGCTCTGCCGTATGCCTACGATgtgagttctag c
       M  S  V  G  T  F  S  L  P  A  L  P  Y A  Y  D                  16 
61    ctgccttgcactatcatcctcctcactcactcactcattcgtccatcatgctcaccatca 
               I N T R O N  I 
121   tcaccagGCCCTCGAGCCCAGCATCTCGGCCCAGATCATGGAGCTTCACCACAGCAAGCAC 
              A  L  E  P  S  I  S  A  Q  I  M  E  L  H  H  S  K  H     34 
182   CACCAGACCTACGTGACCAACCTCAACAACGCCCTCAAGACCTATTCCACGGCCCTCGCC 
       H  Q  T  Y  V  T  N  L  N  N  A  L  K  T  Y  S  T  A  L  A      54 
242   GCCAACGACGTGCCCTCCCAGATCGCCCTCCAGGCCGCCATCAAATTCAACGGCGGCGGC 
       A  N  D  V  P  S  Q  I  A  L Q  A  A  I  K  F  N  G  G  G      74 
302   CACATCAACCACTCCCTCTTCTGGGAGAACCTCTGCCCCGCCTCCTCCCCGGACGCGGAC 
       H  I  N  H  S  L  F  W  E  N  L  C  P  A  S  S  P  D  A  D      94 
362   CCCGCCAGCGCGCCCGAGCTGACGGCTGAGATTGCCAAGACCTGGGGCAGCCTGGACAAG 
       P  A  S  A  P  E  L  T  A  E  I  A  K  T  W  G  S  L  D  K     114 
422   TTCAAGGAGGCCATGGGCAAGGCCCTGCTCGGTATCCAGGGCAGTGGCTGGGGGTGGCTG 
       F  K  E  A  M  G  K  A  L  L  G  I  Q  G  S  G  W  G  W  L     134 
482   GTCAAGGAGGGGAGTGGGTTGCGGATCGTGACGACCAAGGATCAGGATCCGGTGGTTGGA 
       V  K  E  G  S  G  L  R  I  V  T  T  K  D Q  D  P  V  V  G     154 
542   GGAGAGGTGCCGGTTTTTGGCATTGATATGTGGGAGCATGCCTATTACCTGCAGgtgagc 
       G  E  V  P  V  F  G  I  D  M  W  E  H  A  Y  Y  L  Q           172 
602   tactttaaatgacctggttcccgtctattttgttaaggtccggctaacagtatggttcgg 
               I N T R O N  II 
663   acagTATCTCAACGGCAAAGCTGCCTACGTGGACAACATCTGGAAGGTCATCAACTGGAAG 
           Y  L  N  G  K  A  A  Y  V  D  N  I  W  K  V  I  N  W  K    191 
723   ACTGCTGAGCAGCGCTTCAAGGGCGACCGCGAGGACGCCTTCAAGATCCTCAAGGCTTCG 
       T  A  E  Q  R  F  K  G  D  R  E  D  A  F  K  I  L  K  A  S     211 
783   CTGTA A
       L  *                                                           212 
Fig. 1. Predicted nucleotide and amino acid sequences for the locus containing the manganese superoxide dismutase from the ﬁlamentous fungus Trichoderma reesei
(TrMnSOD) gene. Introns are represented by small letters. Numbers on the left correspond to the nucleotide position relative to the adenine of the protein initiation codon;
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was deﬁned as the amount of protein required to produce 50%
WST-1 reduction inhibition under assay conditions (see Section 2),
as shown in Fig. 2. To identify the SOD type, the inhibition test
using duplicated gels was  applied, and the enzyme activity was not
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)mino acids are numbered to the right. The consensus sequence and the residues i
he  residues that conform to the signature sequence for the MnSOD subfamily are 
ndicated by an asterisk.
esidues are His30, His78, Asp163, and His167, and the signature of
he MnSOD [31] is composed of the following amino acids: Gly73,
ly74, Phe81, Gln149, and Asp150.
T. reesei is a ﬁlamentous fungus capable of using cellulose as
he only carbon source in the culture media. Cellulose utiliza-
ion requires mitochondrial activity for transcriptional activation
f cellulases [32]. Under these conditions, the strong mitochondrial
ctivity would generate superoxide ions at the electron transport
hain. The superoxide formed would be dismutated by a mitochon-
rial MnSOD and that would prevent mitochondrial dysfunction. In
ine with this assumption is the observation that T. reesei MnSOD
xpression is down-regulated under hypoxic and anoxic stress and
trongly induced upon reoxygenation [20]. This accounts for the
ery important role of this enzyme both in glucose and cellu-
ose metabolism, to protect the mitochondrial functions required
n both conditions. Besides that, in eukaryotes, MnSOD is usually
ound in mitochondrial matrix. However, TrMnSOD does not con-
ain the signal peptide required for mitochondrial importing, as
redicted in MITOPROT [33]. Moreover, TrMnSOD is not able to
omplement the yeast mutant sod2 which lacks the mitochon-
rial MnSOD (data not shown), conﬁrming the absence of a signal
eptide for mitochondrial targeting that is recognizable in yeast.
f this complementation experiment resembles TrMnSOD behav-
or in T. reesei hyphae, it is surprising that an enzyme required for
itochondrial activity is probably cytoplasmatic and that another
nzyme is the major antioxidant defense in mitochondria. Hence,
e propose that this gene TrMnSOD may  be part of a defense mech-
nism for increased protection against ROS generated and released
y mitochondria in the cytosol in responses to condition of hypoxia
nd reoxygenation [20,34,35].
To determine similarity values between the TrMnSOD amino
cid sequence and other SODs already characterized, a full align-
ent was performed using the FASTA program with BLOSUMed in metal binding in the MnSOD family are underlined and circled, respectively.
 (Parker and Blake [31]). The start codon is indicated in bold and the stop codon is
50 matrix (http://fasta.bioch.virginia.edu/fasta www2/fasta list2.
shtml). The results revealed 89.2% similarity (72.9% identity) with
Podospora anserina MnSOD (CAC83814), 87.8% similarity (70% iden-
tity) with Glomerella graminicola (AAL27457), and 85.1% similarity
(67.7% identity), with Aspergillus oryzae (BAC56175), indicating
strong similarity to manganese SOD enzymes of other ﬁlamentous
fungi.
After cloning, the enzyme was expressed and puriﬁed from
inclusion bodies. The SOD activity was tested, and an activity unit0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
TrMn-SOD  conce ntrati on (U/mL)
Fig. 2. TrMnSOD inhibition curve. Inhibition curve of TrMnSOD with kit-WST SOD
assay (see Section 2).
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Fig. 3. TrMnSOD activity and stability as a function of temperature and pH. The
puriﬁed enzyme (2 g) was incubated at the indicated temperatures: 90 ◦C, for one
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Fig. 4. TrMnSOD native and unfolded Far-UV CD spectra. CD spectra of TrMnSOD in
no signiﬁcant changes were found when compared to the native
protein (25 ◦C). After 10–60 min  of incubation at higher temper-
atures (80 and 90 ◦C), some variation was  noticed. The positive
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).  Aliquots were withdrawn and assayed for the remaining SOD activity (see Section
).
nhibited in the presence of NaCN and NaN3, showing that this
nzyme is a manganese SOD. It is interesting to note that pure
nzyme showed an activity of 1000 U/mg, and was less active than
umicola grisea SOD (7200 U/mg) [36] and Thermoascus aurantiacus
ar levisporus SOD (2324 U/mg) [37].
.2. Enzymatic assay
Enzymatic assays at different pH and temperature conditions
ere performed to verify the stability of TrMnSOD. The protein was
ubmitted to a temperature range of 30, 50, 80, 90, and 100 ◦C for
 min, and the enzymatic activity was maintained until the tem-
erature reached 90 ◦C, as can be seen in the gel electrophoresis in
ig. 3A. At 70 and 80 ◦C, TrMnSOD kept its activity for 1 h (Fig. 3B
nd C). In Fig. 3D, one can see the TrMnSOD activity at 90 ◦C, which
emained at about 20% after 40 min  of incubation. At this temper-
ture, the enzymatic activity is completely lost only after 50 min,
ndicating high temperature stability for this enzyme.
The activity evaluation at different pHs revealed that, in the
cidic range, TrMnSOD precipitates, indicating an unstable confor-
ation. On the other hand, at pH above 6.0, this protein is soluble
nd active, suggesting a stable conformation in the basic range.
t is interesting to note that, although TrMnSOD precipitates at
cidic pH, the results showed 90% inhibition SOD activity in the
H range 3–10, after 1 h incubation. At extreme pH values (basic
nd acidic), TrMnSOD recovers its activity when it is loaded into a
uffer for activity assay, which indicates that TrMnSOD can refold
hen loaded into the gel, acquiring the native form and restoring
ts enzymatic activity, or can keep sufﬁcient portion of its active
ative structure to have measurable biological activity. Both cases
an also occur at same time. The TrMnSOD has high sequence iden-
ity to other MnSODs, also the thermal and pH stability is similar
o already published MnSODs [1,36].
.3. Structural studies: temperature and pH stability
The TrMnSOD native fold and its unfolded form are shown in
ig. 4. The shape of native TrMnSOD, a solid line which comprises a
aximum around 195 nm,  a negative band at 210 nm,  and a slightly
egative band around 220 nm,  suggests the presence of some heli-
al content in the secondary structure [38]. To better verify this
ssumption, the amount of secondary structure (see Section 2) was
alculated from the CD spectrum, resulting in 52% of helical struc-
ure and a minor content of beta structures (23%), turns (13%) and20  mM Tris–HCl buffer at pH 8 (solid), and upon the addition of 2 M GndHCl (dotted).
The inset shows the tertiary fold generated using the RasMol Program from the
calculated structure by 3D-Jigsaw.
unordered forms (14%). A secondary structure prediction, using the
MNPredict Program, suggests a content of 46.23% for alpha helix,
10.38% for bend region, and 43.40% of random coil, corroborating
the ﬁndings from CD spectrum and its deconvolution. From a ter-
tiary fold (Fig. 4, inset) calculated by the 3D-Jigsaw program, one
can notice a signiﬁcant content of helical structure. It is important
to note that the high similarity in secondary fold calculated by CD
spectra and theoretically predicted, together with the presence of
biological activity, allows us to conclude that this protein is natively
folded. On the other hand, when 2 M GndHCl is added, the spectrum
loses all the characteristic structured peaks, thus acquiring a shape
normally seen in unfolded proteins [39].
With the aim of understanding the stability of the native TrMn-
SOD structure, the protein was  submitted to temperature and pH
variations. The next results show the stability at temperatures of
30, 50, 80 and 90 ◦C after 1 h incubation. The shapes of all curves
(Fig. 5) are very similar, with a maximum around 195 nm and
a broad band between 210 and 220 nm,  indicating that the sec-
ondary structure of the protein remains ordered. At 30 and 50 ◦C,λ (nm)
Fig. 5. TrMnSOD Far-UV CD spectra under temperature variation. CD spectra of
TrMnSOD in 20 mM Tris–HCl buffer at pH 8 and 25 (solid), 30 (—), 50 (. . .), 80
(square), and 90 ◦C (circle) after 1-h incubation.
F.S. Chambergo et al. / International Journal of Bi
190 200 21 0 220 23 0 240 25 0
-60
-50
-40
-30
-20
-10
0
10
20
30
40
[θ
] M
R
W
(d
e
g
.c
m
2
. 
d
m
o
l-
1
).
1
0
3
λ (n m)
F
T
(
b
p
g
b
r
i
i
p
1
P
r
b
f
a
p
s
H
C
T
t
[
e
i
t
8
i
s
b
s
t
d
s
P
t
a
o
i
i
o
f
iig. 6. . TrMnSOD Far-UV CD spectra under pH variation. CD spectra of TrMnSOD in
ris–HCl 20 mM pH buffer at 8.0 (solid), and PBA buffer at pH 2.6 (—), 8.0 (. . .), 9.0
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and around 195 nm undergoes small intensity and/or maximum
osition changes, and the negative bands become broad, all sug-
esting that although some unordered and/or beta structures may
e present, they are not enough to disturb the secondary equilib-
ium conformation and produce complete denaturation, as occurs
n the presence of 2 M GndHCl. This high thermal stability behavior
s commonly observed in thermophilic organism SODs, like Aquifex
yrophilus – active at 95 ◦C [40], Acidianus ambivalens – active at
24 ◦C [41], Chaetomium thermophilum [8] – active at 60 ◦C, and
yrobaculum calidifontis – active at 100 ◦C [42]. Nevertheless, this
emarkable thermal stability is unexpected for TrMnSOD, and may
e due to the presence of alanine at position 14 (Fig. 1), as shown
or Aquifex pyrophilus SOD [40]. In the case of A. pyrophilus,  alanine
t position 12 confers thermal stability to the protein.
The same stability, on the other hand, is not observed when the
H is varied, especially in extreme ranges. TrMnSOD protein was
ubmitted to PBA buffer at pHs 2.6, 4.5, 5.6, 6.5, 8.0, 9.0, and 11.5.
owever, as the samples precipitated at pHs 4.5, 5.6, and 6.5, the
D spectra were not run. This experiment strongly suggests that
rMnSOD is unstable at acidic pH. This fact is comprehensible when
he theoretically calculated isoelectric point of 5.5 by ProtParam
43] is taken into account. At pH values approximately 5.5, 5.6, for
xample, protein precipitation is expected. On the other hand, there
s no apparent reason for the precipitation at pH 4.5 and 6.5, and
his result points to a peculiar behavior of this protein.
Fig. 6 reveals the TrMnSOD CD spectra in PBA buffer at pH 2.6,
.0, 9.0, 11.5, and Tris–HCl buffer at pH 8.0 (native), all after 1 h of
ncubation. At pH 8.0 and 9.0 in PBA buffer, TrMnSOD maintains the
econdary structure similar to the native protein structure (Tris-HCl
uffer pH 8), as can be seen by similarity of spectra. There are some
mall changes in intensity of the positive bands (near 195 nm)  due
o the strong absorption effect by PAB buffer and Tris–HCl, which
id not disappear completely, even when the buffer spectrum was
ubtracted. It is important to note that the Tris–HCl (native) and
BA pH spectra, both at pH 8.0, were practically identical, indicating
hat the buffers themselves may  not be important for the stability
t this pH.
In contrast, although the protein keeps a large part of the
rganized structure in an extremely acidic condition (pH 2.6) as
ndicated by a large negative band around 213 nm and a small pos-
tive band around 205 nm,  the spectrum shape is different from that
f the native protein, suggesting a TrMnSOD different secondary
old in acidic conditions. Particularly, the enzymatic activity tests
n the acidic region, together with the secondary fold at pH 2.6,ological Macromolecules 50 (2012) 19– 24 23
point to a possible molten globule formation. These partially folded
states, neither fully folded nor unfolded [44–46] have been exten-
sively studied due to their participation in degenerative diseases
[47], as indicated by the GroEl chaperone during insertion of the
protein into the cell membrane [48] and the resulting cell damage
by toxins that interact with the membrane by means of exposed
hydrophobic cores [49]. In the case of SODs from species that can
withstand severe environments, the formation of a molten glob-
ule can protect the protein structure and activity. Regarding pH
11.5, which is extremely basic, the positive band (around 195 nm)
is lost, and the negative band is shifted to 205 nm.  All this informa-
tion, together with the spectrum shape, points to highly unordered
structure content [39].
TrMnSOD proved to be more stable under both pH and tem-
perature variations when compared with several other SODs. For
instance, although Mn-superoxide dismutase from scallop adduc-
tor muscle has a very similar native fold to TrMnSOD, it is
thermostable up to 50 ◦C for 30 min  and loses 90% activity at pH
4.5 [39]. The manganese-containing enzyme superoxide dismu-
tase from yeast showed progressively less activity at pHs above
7.8 [50]. Superoxide dismutase from Deinococcus radiophilus was
stable up to 50 ◦C, but was, however, highly unstable at pHs
below 5.0 [51]. The iron- and manganese-containing superox-
ide dismutase from Methylobacillus [52], exhibits 66% activity at
pH 5.0, but it is completely inactivated after 4 min  incubation
at 90 ◦C. Two manganese-containing superoxide dismutases from
thermophilic fungi Chaetomium thermophilum and Thermomyces
lanuginosus remain active up to 60 and 70 ◦C (thermal stability),
respectively, and lose the activity at pH below 5.0 [8].  Interestingly,
these two enzymes are considered stable; however, the stability of
TrMnSOD is further shifted to higher temperatures. Cu/Zn-SOD of
lemon was also very stable in a broad pH range, from 2.2 to 11, and
thermally stable at 90 ◦C [53], similarly to TrMnSOD.
4. Conclusions
The cloned TrMnSOD enzyme has a similarity above 80% to other
SOD enzymes from ﬁlamentous fungi, and a good enzymatic activ-
ity (1000 U/mg) compared with other SODs. Its native structure
presents about 50% of helical structure also agreeing with several
other SOD enzymes [36]. Regarding TrMnSOD stability, this enzyme
was more stable than several other SODs in a wide temperature
(30–90 ◦C) and pH (2.6–9.0) ranges, with a probable molten glob-
ule formation at extremely basic pH. It is known that the stability of
SOD proteins can bring about improvement in several applications;
for example, the treatment of inﬂammatory reactions associated
with chemical irritation (such as acne) and prevention of harm-
ful effects caused by oxygen-containing free radicals [53]. In this
sense, the presented structure and stability studies together with
enzymatic activity of TrMnSOD enzyme can contribute to expand
our understanding and further the development of new drugs.
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